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Dirac seesaw accompanied by Dirac fermionic dark matter
Pei-Hong Gu∗
School of Physics and Astronomy, Shanghai Jiao Tong University,
800 Dongchuan Road, Shanghai 200240, Shanghai, China
The SU(3)c × SU(2)L × U(1)Y standard model is extended by a U(1)B−L gauge symmetry with
four right-handed neutrinos. Because of their Yukawa couplings to a Higgs singlet for spontaneously
breaking the U(1)B−L symmetry, two right-handed neutrinos can form a Dirac fermion to become
a stable dark matter particle. Meanwhile, mediated by additionally heavy Higgs doublet(s) and/or
fermion singlet(s), the other two right-handed neutrinos can have a dimension-5 operator with the
standard model lepton and Higgs doublets as well as the U(1)B−L Higgs singlet. In association with
the sphaleron processes, the interactions for generating the Dirac neutrino masses can also produce
the observed baryon asymmetry in the universe.
PACS numbers: 98.80.Cq, 14.60.Pq, 95.35.+d, 12.60.Cn, 12.60.Fr
I. INTRODUCTION
The discovery of neutrino oscillations indicates that
three flavors of neutrinos should be massive and mixed
[1]. Meanwhile, the cosmological observation requires
that the neutrinos should be extremely light [1]. The
tiny neutrino masses can be naturally induced in various
seesaw [2] extensions of the SU(3)c × SU(2)L × U(1)Y
standard model (SM). In these popular seesaw scenarios
[2–5], the neutrino mass generation is accompanied by
certain lepton-number-violating interactions and hence
the neutrinos have a Majorana nature. Meanwhile, the
interactions for realizing the seesaw can produce a lepton
asymmetry stored in the SM leptons and then the pro-
duced lepton asymmetry can be partially converted to a
baryon symmetry by the sphaleron processes [6]. This is
the so-called leptogenesis mechanism [7] to explain the
observed baryon asymmetry in the universe [5, 7–16].
However, we should keep in mind that the theoreti-
cal assumption of the lepton number violation and then
the Majorana neutrinos has not been confirmed by any
experiments yet. So, it is worth studying the possibil-
ity of Dirac neutrinos. In analogy to the usual seesaw
models for the Majorana neutrino mass generation, we
can construct some Dirac seesaw models [17–20] for the
Dirac neutrino mass generation. The interactions for
the Dirac seesaw can induce a lepton asymmetry stored
in the SM left-handed leptons and an opposite lepton
asymmetry stored in the right-handed neutrinos although
the total lepton asymmetry is exactly zero. The right-
handed neutrinos will go into equilibrium with the left-
handed neutrinos at a very low temperature, where the
sphalerons have already stopped working. Therefore, the
sphalerons will never affect the right-handed neutrino
asymmetry, but it can still transfer the SM lepton asym-
metry. This type of leptogenesis is named as the neu-
trinogenesis mechanism [21] and has been studied in liter-
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atures [18–23]. In the Dirac seesaw models, the renormal-
izable Yukawa couplings of the right-handed neutrinos to
the SM lepton and Higgs doublets can appear until an
additionally discrete, global or gauge symmetry is spon-
taneously broken. This new symmetry breaking scale
may be constrained by other new physics. For example,
in a class of mirror models, the additional symmetry is a
mirror electroweak symmetry so that it can be fixed by
the dark matter mass [24].
In this paper we shall realize the Dirac seesaw by in-
troducing a U(1)B−L gauge symmetry with four right-
handed neutrinos. Because of their Yukawa couplings to
a Higgs singlet for spontaneously breaking the U(1)B−L
symmetry, two right-handed neutrinos can form a Dirac
fermion and then become a stable dark matter particle.
Furthermore, additionally heavy Higgs doublet(s) and/or
fermion singlet(s) can mediate a dimension-5 operator
among the other two right-handed neutrinos, the SM lep-
ton and Higgs doublets as well as the U(1)B−L Higgs sin-
glet. This means a highly suppressed Dirac neutrino mass
matrix with two nonzero eigenvalues. Finally, through
the interactions for the neutrino mass generation, the
heavy Higgs doublet(s) and/or fermion singlet(s) can de-
cay to realize a leptogenesis mechanism.
II. THE MODEL
The SM fermions and scalar are denoted as follows,
qL(3, 2,+
1
6
)(+ 1
3
) , dR(3, 1,− 13 )(+ 13 ) ,
uR(3, 1,+
2
3
)(+ 1
3
) , lL(1, 2,− 12 )(−1) ,
eR(1, 1,−1)(−1) , φ(1, 2,− 12 )(0) . (1)
Here and thereafter the first and second brackets follow-
ing the fields respectively describe the transformations
under the SM SU(3)c×SU(2)L×U(1)Y gauge groups and
the U(1)B−L gauge group. In order to cancel the gauge
anomalies, we need some right-handed neutrinos [25]. In
the present work, we consider the following right-handed
2neutrinos,
νR1(1, 1, 0)(−2) , νR2(1, 1, 0)(−2) ,
νR3(1, 1, 0)(
1+
√
17
2
) , νR4(1, 1, 0)(
1−√17
2
) . (2)
For spontaneously breaking the U(1)B−L symmetry,
we can introduce a Higgs singlet,
ξ(1, 1, 0)(+1) . (3)
The mass of the U(1)B−L gauge boson ZB−L then should
be
MZB−L =
√
2gB−L〈ξ〉 , (4)
with gB−L being the U(1)B−L gauge coupling. The ex-
perimental constraints on the U(1)B−L gauge symmetry
is [26],
MZB−L
gB−L
& 7TeV⇒ 〈ξ〉 & 5TeV . (5)
It is easy to see the Higgs singlet ξ can have a Yukawa
interaction with the third and forth right-handed neutri-
nos νR3,4, i.e.
L ⊃ −y34 (ξν¯R3νcR4 +H.c.) . (6)
Furthermore, in association with the Higgs singlet ξ, we
can construct the following dimension-5 operators involv-
ing the first and second right-handed neutrinos νR1,2, i.e.
L ⊃ −
∑
i=1,2
α=e,µ,τ
cαi
Λ
l¯LαφνRiξ +H.c. . (7)
As shown later, the above effective operators can be in-
duced by the renormalizable terms as below,
L ⊃ −M2ηaη
†
aηa − ρaξη†aφ− faαil¯LαηaνRi −MNbN¯RbNLb
−yLαbl¯LαφNRb − yRbiN¯LbξνRi +H.c. ,
(a, b = 1, ...; i = 1, 2;α = e, µ, τ) , (8)
where η and NL,R are additionally heavy Higgs dou-
blet(s) and fermion singlet(s),
η(1, 2,− 1
2
)(+1) , NL,R(1, 1, 0)(−1) . (9)
For convenience and without loss of generality, we have
chosen the mass matrices M2η and MN to be real and
diagonal. In this basis, we can further rotate the param-
eters ρa to be real, i.e. ρa = ρ
∗
a.
III. NEUTRINO MASS
We can integrate out the heavy Higgs doublet(s) η and
fermion singlet(s) N = NL + NR to realize the effective
operator (7),
L ⊃
∑
a,b=1,...
(
ρa
M2ηa
faαi + yLαb
1
MN
b
yRbi
)
l¯LαφνRiξ
+H.c. , (i = 1, 2;α = e, µ, τ) . (10)
When the Higgs singlet ξ develops its VEV 〈ξ〉 for the
U(1)B−L symmetry breaking, the two right-handed neu-
trinos νR1,2 can acquire the Yukawa couplings to the SM
lepton and Higgs doublets lL and φ, i.e.
L ⊃ −
∑
i=1,2
α=e,µ τ
yναi l¯LαφνRi with
yναi = −
∑
a,b=1,...
(
ρa〈ξ〉
M2ηa
faαi + yLαb
〈ξ〉
MN
b
yRbi
)
.(11)
Therefore, we can obtain a Dirac neutrino mass matrix,
L ⊃ −
∑
i=1,2
α=e,µ,τ
mναiν¯LανRi with mν = yν〈φ〉 . (12)
The above Dirac neutrino mass generation can be also
understood by Fig. 1.
The experimental limit on the U(1)B−L symmetry
breaking scale is a few TeV, as shown in Eq. (5). On
the other hand, we will show later the right-handed neu-
trinos νR3,4 are expected to form a dark matter particle.
To account for the observed dark matter relic density, the
annihilations of the dark matter right-handed neutrinos
into the light species should have a right cross section.
The upper bound of the U(1)B−L symmetry breaking
scale thus should not be far above the TeV scale unless
a fine-tuned resonant enhancement [27] is introduced in
the s-channel dark matter annihilations. Therefore, the
Dirac neutrino masses can be highly suppressed in a nat-
ural way as long as the masses of the heavy Higgs dou-
blet(s) η and/or fermion singlet(s) N are much larger
than the TeV scale. For example, we can take
〈ξ〉 = O(10TeV) , (13)
and then obtain
mν = O (0.01− 0.1 eV) , (14)
by further inputting
Mηa = O
(
1014GeV
)
, ρa = O
(
1013GeV
)
,
faαi = O (0.1) ; MNb = O
(
1014GeV
)
,
yLαb = O (0.1) , yRbi = O (0.1) . (15)
In Eq. (12), the Dirac neutrino mass matrix only in-
volves two right-handed neutrinos so that it can have at
most two nonzero eigenvalues. This fact is independent
on the number of the heavy Higgs doublet(s) η and/or
fermion singlet(s). Since the current experimental data
indicate the existence of at least two massive neutrinos,
we would like to name such 3 × 2 neutrino mass matrix
as a minimal Dirac neutrino mass matrix.
Note if we do not introduce the heavy Higgs doublet(s)
η, we should have at least two heavy fermion singlets
N to guarantee at least two nonzero eigenvalues of the
neutrino mass matrix. We will show in the following that
3νR1,2
NLb NRb
lLα
ξ φ
+ νR1,2
ηa
lLα
ξ φ
FIG. 1: The Dirac neutrino mass generation.
a successful leptogenesis needs at least two heavy Higgs
doublets η, or at least two heavy fermion singlets N , or
at least one heavy Higgs doublet η and at least one heavy
fermion singlet N .
We also check if the right-handed neutrinos νR can de-
couple above the QCD scale to satisfy the BBN constraint
on the effective neutrino number. For this purpose, we
need consider the annihilations of the right-handed neu-
trinos into the relativistic species at the QCD scale,
σνR =
∑
f=d,u,s,e,µ,νL
σ(νR + ν
c
R → f + f c)
=
3g4B−L
2pi
s
M4ZB−L
=
3
8pi
s
〈ξ〉4 , (16)
with s being the Mandelstam variable. The interaction
rate then should be [14]
ΓνR =
T
32pi4
∫∞
0
s3/2K1
(√
s
T
)
σζds
2
pi2T
3
=
9
2pi3
T 5
〈ξ〉4 ,(17)
with K1 being a Bessel function. We take g∗(300MeV) ≃
61.75 and then find[
ΓνR < H(T )
]
T&300MeV
for 〈ξ〉 & 8TeV . (18)
IV. BARYON ASYMMETRY
As shown in Fig. 2, there are two decay modes of the
heavy Higgs doublet(s) η, i.e.
η → lLνcR1,2 , η → φξ . (19)
If the CP is not conserved, we can expect a CP asymme-
try in the above decays,
εηa =
Γ(ηa → lLνcR1,2)− Γ(η∗a → lcLνR1,2)
Γηa
=
Γ(η∗a → φ∗ξ∗)− Γ(ηa → φξ)
Γηa
6= 0 , (20)
where Γηa is the total decay width,
Γηa = Γ(ηa → lLν
c
R1,2) + Γ(ηa → φξ)
= Γ(η∗a → lcLνR1,2) + Γ(η∗a → φ∗ξ∗) . (21)
We can calculate the decay width at tree level and the
CP asymmetry at one-loop order,
Γηa =
1
16pi
[
Tr
(
f †afa
)
+
ρ2a
M2ηa
]
Mηa , (22)
εηa = −
1
4pi


∑
c 6=a
Im
[
Tr
(
f †afc
)]
(f †f)aa +
ρ2a
M2ηa
ρaρc
M2ηc −M2ηa
+
∑
b
Im
[(
yRf
†
ayL
)
bb
]
(f †f)aa +
ρ2a
M2ηa
×
ρaMN
b
M2ηa
ln
(
1 +
M2ηa
M2Nb
)}
.
(23)
Here the first term in the CP asymmetry is the self-energy
correction mediated by the heavy Higgs doublet(s) while
the second term is the vertex correction mediated by the
heavy fermion singlet(s). A nonzero CP asymmetry εηa
needs at least two heavy Higgs doublets η, or at least one
heavy Higgs doublet η and at least one heavy fermion
singlet N .
As for the heavy fermion singlet(s) N , their decay
modes are
Nb → lLφ∗ , Nb → νR1,2ξ . (24)
The relevant diagrams are shown in Fig. 3. The decay
width and CP asymmetry can be calculated by
ΓNb = Γ(Nb → lLφ
∗) + Γ(Nb → νR1,2ξ)
= Γ(N cb → lcLφ) + Γ(N cb → νcR1,2ξ∗)
=
1
16pi
[(
y†LyL
)
bb
+
1
2
(
yRy
†
R
)
bb
]
MNb , (25)
4ηa
lLα
νcR1,2
+
ηa
φ
ξ
+
ηa
φ
ξ
ηc
lLα
νcR1,2
ηa
lLα
νR1,2
ηc
φ
ξ
ηa
φ
ξ
Nb
lLα
νcR1,2
+
ηa
lLα
νR1,2
Nb
φ
ξ
+
FIG. 2: The lepton-number-conserving decays of the heavy Higgs doublets.
Nb
lLα
φ∗
+
Nb
νR1,2
ξ
+
Nb
νR1,2
ξ
Nd
lLα
φ∗
Nb
lLα
φ
Nd
νR1,2
ξ
Nb
νR1,2
ξ
ηa
lLα
φ∗
+
Nb
lLα
φ
ηa
νR1,2
ξ
+
FIG. 3: The lepton-number-conserving decays of the heavy fermion singlets.
εNb =
Γ(Nb → lLφ∗)− Γ(N cb → lcLφ)
ΓNb
=
Γ(N cb → νcR1,2ξ∗)− Γ(Nb → νR1,2ξ)
ΓNb
= − 1
8pi


∑
d 6=b
Im
[(
y†LyL
)
bd
(
yRy
†
R
)
db
]
(
y†LyL
)
bb
+ 1
2
(
yRy
†
R
)
bb
×
MNb
MNd
M2Nd
−M2Nb
+
∑
a
Im
[(
y†Lfay
†
R
)
bb
]
(
y†LyL
)
bb
+ 1
2
(
yRy
†
R
)
bb
× 2ρa
MNb
[
1− M
2
ηa
M2Nb
ln
(
1 +
M2Nb
M2ηa
)]}
. (26)
Here the first term in the CP asymmetry is the self-energy
correction mediated by the heavy fermion singlet(s) while
the second term is the vertex correction mediated by the
heavy Higgs doublet(s). A nonzero CP asymmetry εNb
needs at least two heavy fermion singlets N , or at least
one heavy fermion singletN and at least one heavy Higgs
doublet η.
When the heavy Higgs doublets ηa and/or the heavy
fermion singlets Nb go out of equilibrium, their decays
can generate a lepton number LlL
stored in the SM lep-
ton doublets lL and an opposite lepton number LνR1,2+ξ
stored in the right-handed neutrinos νR1,2 and the Higgs
5singlet ξ. For example, if the Higgs doublet η1 is much
lighter than the other heavy Higgs doublet(s) ηa 6=1 and
the heavy fermion singlet(s) Nb, its decays will dominate
the final lepton numbers [28],
LlL = −LνR1,2+ξ = εη1
(
neqη
1
s
) ∣∣∣T=TD . (27)
Here the CP asymmetry εη
1
can be simplified by
εη
1
≃ 1
4pi
Im
[
Tr
(
f †1mν
)]
ρ1[
(f †f)
11
+
ρ2
1
M2η
1
]
〈φ〉〈ξ〉
≤ 1
8pi
Im
[
Tr
(
f †1mν
)]
ρ1√
(f †f)
11
ρ2
1
M2η
1
〈φ〉〈ξ〉
<
1
8pi
Tr
(
f †1
)
ρ1mmaxM
2
η
1√
(f †f)
11
ρ21〈φ〉〈ξ〉
.
1
8pi
mmaxMη
1
〈φ〉〈ξ〉 , (28)
with mmax being the largest eigenvalue of the neutrino
mass matrix mν . Alternatively, we can consider another
simple case where the fermion singlet N1 is much lighter
than the other heavy fermion singlet(s) Nb6=1 and the
heavy Higgs doublet(s) ηa. The final lepton numbers
then should be [28],
LlL = −LνR1,2+ξ = εN1
(
neqN
1
s
) ∣∣∣T=TD , (29)
with the CP asymmetry εη
1
being simplified as
εN
1
≃ 1
8pi
Im
[(
y†Lmνy
†
R
)
11
]
MN
1[(
y†LyL
)
11
+ 1
2
(
yRy
†
R
)
11
]
〈φ〉〈ξ〉
≤ 1
8pi
Im
[(
y†Lmνy
†
R
)
11
]
MN
1√
2
(
y†LyL
)
11
(
yRy
†
R
)
11
〈φ〉〈ξ〉
<
1
8pi
(
y†Ly
†
R
)
11
mmaxMN
1√
2
(
y†LyL
)
11
(
yRy
†
R
)
11
〈φ〉〈ξ〉
.
1
8
√
2pi
mmaxMN
1
〈φ〉〈ξ〉 . (30)
In Eqs. (27) and (29), neqη
1
,N
1
and TD respectively are
the equilibrium number density and the decoupled tem-
perature of the decaying heavy particles, while s is the
entropy density of the universe. The decay-produced lep-
ton number in the SM lepton doublets can be partially
converted to a baryon asymmetry by the sphaleron pro-
cesses [29],
B = −28
79
LlL . (31)
In the weak washout region [28],[
Γη
1
/N
1
< H(T ) =
(
8pi3g∗
90
) 1
2 T 2
M
Pl
]∣∣∣∣∣
T=Mη
1
/N
1
, (32)
we can approximately obtain the lepton numbers (27)
and (29) by
LlL = −LνR1,2+ξ ∼
εη
1
/N
1
g∗
. (33)
Here H(T ) is the Hubble constant with MPl ≃ 1.22 ×
1019GeV being the Planck mass and g∗ = 117.75 being
the relativistic degrees of freedom (the SM fields plus the
right-handed neutrinos νR1,2,3,4, the Higgs singlet ξ and
the U(1)B−L gauge field.). The baryon number (31) then
can be given by
B ∼ −28
79
εη
1
/N
1
g∗
. (34)
For a numerical estimation, we take
Mη
1
= 1014GeV , ρ1 = O
(
1013GeV
)
, fa = O (0.1) ;
or
MN
1
= 1014GeV , yL = O (0.1) , yR = O (0.1) ,(35)
to fulfil the condition (32). By further fixing
〈ξ〉 = 10TeV , (36)
the CP asymmetry (28) or (30) can arrive at a value
around O(10−7) as its maximal value is of the order of
O(10−4). The final baryon asymmetry (34) thus can
match the observed value, i.e. B ∼ 10−10.
V. DARK MATTER
Due to the Yukawa interaction (6), the third and forth
right-handed neutrinos νR3,4 can form a Dirac particle
after the U(1)B−L symmetry breaking, i.e.
L ⊃ iχ¯γµ∂µχ−mχχ¯χ
with χ = νR3 + ν
c
R4 , mχ = y34〈ξ〉 . (37)
Clearly, the Dirac fermion χ will keep stable to leave a
dark matter relic density. The dark matter annihilation
and scattering can be determined by the related gauge
and/or Yukawa interactions,
L ⊃ 1
2
gB−LZ
µ
B−Lχ¯γµ
(√
17 + γ5
)
χ− 1√
2
y34hξχ¯χ ,
(38)
6where hξ is the Higgs boson from the Higgs scalar ξ. The
gauge boson ZB−L also couples to the SM fields as well
as the first and second right-handed neutrinos νR1,2,
L ⊃ gB−LZµB−L
[
3∑
i=1
(
1
3
d¯iγµdi +
1
3
u¯iγµui − e¯iγµei
−ν¯LiγµνLi
)− 2ν¯R1γµνR1 − 2ν¯R2γµνR2] . (39)
The perturbation requirement then should put an upper
bound on the gauge coupling gB−L, i.e.
√
17
2
gB−L <
√
4pi ⇒ gB−L <
√
16 pi
17
. (40)
As for the Higgs boson hξ, it can interact with the SM
through a Higgs portal as below,
L ⊃ −λξφξ†ξφ†φ . (41)
For demonstration, we shall focus on the case that the
gauge interactions dominate the dark matter annihila-
tions and scatterings. In this case, the thermally aver-
aging dark matter annihilating cross section is given by
[30]
〈σAvrel〉 =
∑
f=d,u,e,νL,νR1,2
〈σ(χ + χc → f + f c)vrel〉
≃ 357g
4
B−L
8pi
m2χ
M4ZB−L
=
357
32pi
m2χ
〈ξ〉4 =
327
32pi
y234
〈ξ〉2 . (42)
The dark matter relic density then can well approximate
to [1]
Ωχh
2 ≃ 0.1 pb〈σ
A
v
rel
〉 = 0.1 pb×
32pi〈ξ〉4
357m2χ
= 0.1 pb× 32pi〈ξ〉
2
357y234
. (43)
It should be noted that Eqs. (42) and (43) are based on
the assumption,
4m2χ ≪M2ZB−L ⇒ y
2
34 ≪
1
2
g2B−L . (44)
This indeed means
y234 ≪
8pi
17
⇒ y34 <
√
8pi
17
, (45)
in the presence of the perturbation condition (40).
By inserting the upper bound (45) into Eq. (43), we
can put a constraint on the the VEV 〈ξ〉, i.e.
〈ξ〉 ≃
(
357y234Ωχh
2
32pi × 0.1 pb
) 1
2
= 47TeV
(
y34√
8pi/17
)(
Ωχh
2
0.11
) 1
2
< 47TeV
(
Ωχh
2
0.11
) 1
2
. (46)
besides the experimental limit (5). The dark matter
mass,
mχ ≃
(
0.1 pb× 32pi〈ξ〉
4
357Ωχh
2
) 1
2
= 5TeV
( 〈ξ〉
14TeV
)2(
0.11
Ωχh
2
) 1
2
, (47)
thus should be in the range,
640GeV
(
0.11
Ωχh
2
) 1
2
. mχ < 57TeV
(
0.11
Ωχh
2
) 1
2
for 5TeV . 〈ξ〉 < 47TeV . (48)
The gauge interactions can also mediate the dark mat-
ter scattering off nucleons. The dominant scattering cross
section is spin independent [31],
σχN =
17 g4B−L
4pi
µ2r
M4ZB−L
=
17
16pi
µ2r
〈ξ〉4 =
2
21
µ2r
m2χ
0.1 pb
Ωχh
2
. (49)
Here µr = mNmχ/(mN + mχ) is a reduced mass with
mN being the nucleon mass. As the dark matter is much
heavier than the nucleon, the above dark matter scatter-
ing cross section indeed should be inversely proportional
to the squared dark matter mass,
σχN = 3.1× 10−45 cm2
( µr
940MeV
)2( 0.11
Ωχh
2
)
×
(
5TeV
mχ
)2
. (50)
By taking the dark matter direct detection results [32, 33]
into account, we can put a more stringent low limit on
the dark matter mass 1,
mχ & 5TeV . (51)
1 We may replace the U(1)
B−L
gauge symmetry by a U(1)
X
gauge
symmetry where the X number contains an arbitrary fraction of
hypercharge besides the baryon-minus-lepton number [34]. Con-
sequently we may realize an isospin-violating dark matter [35]
to relax the constraints from the dark matter direct detection
experiments.
7So, the range (48) should be modified by
5TeV
(
0.11
Ωχh
2
) 1
2
. mχ < 57TeV
(
0.11
Ωχh
2
) 1
2
for 14TeV . 〈ξ〉 < 47TeV . (52)
VI. CONCLUSION
In this paper we have shown a U(1)B−L gauge sym-
metry can predict the existence of the Dirac neutrinos
and the stable dark matter. Specifically, we have ex-
tended the SM SU(3)c×SU(2)L×U(1)Y gauge symme-
tries by a U(1)B−L gauge symmetry. We then introduced
four right-handed neutrinos in order to cancel the gauge
anomalies. Because of their Yukawa couplings to the
Higgs singlet for spontaneously breaking the U(1)B−L
symmetry, two right-handed neutrinos can form a sta-
ble Dirac fermion and hence can account for the dark
matter relic density. Furthermore, mediated by addition-
ally heavy Higgs doublet(s) and/or fermion singlet(s), the
other two right-handed neutrinos can have a dimension-
5 operator with the SM lepton and Higgs doublets as
well as the U(1)B−L Higgs singlet. We hence can obtain
a Dirac neutrino mass matrix with two nonzero eigen-
values. Finally, the interactions for the neutrino mass
generation can also allow the decays of the heavy Higgs
doublet(s) and/or fermion singlet(s) to produce a lepton
asymmetry motivated by the leptogenesis mechanism.
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Appendix A: The U(1)B−L gauge anomalies
The SU(3)c − SU(3)c − U(1)B−L anomaly is
3× 3×
[
2×
(
+
1
3
)
−
(
+
1
3
)
−
(
+
1
3
)]
= 0 . (A1)
The SU(2)L − SU(2)L − U(1)B−L anomaly is
3× 2×
[
3×
(
+
1
3
)
+ (−1)
]
= 0 . (A2)
The U(1)Y − U(1)Y − U(1)B−L anomaly is
3×
{
3×
[
2×
(
+
1
6
)2
−
(
−1
3
)2
−
(
+
2
3
)2]
×
(
+
1
3
)
+
[
2×
(
−1
2
)2
− (−1)2
]
× (−1)
}
= 0 . (A3)
The U(1)Y − U(1)B−L − U(1)B−L anomaly is
3×
{
3×
[
2×
(
+
1
6
)
−
(
−1
3
)
−
(
+
2
3
)]
×
(
+
1
3
)2
+
[
2×
(
−1
2
)
− (−1)
]
× (−1)
}
= 0 . (A4)
The U(1)B−L − U(1)B−L − U(1)B−L anomaly is
3×
{
3×
[
2×
(
+
1
3
)3
−
(
+
1
3
)3
−
(
+
1
3
)3]
+
[
2× (−1)3 − (−1)3
]}
− 2× (−2)3
−
(
1 +
√
17
2
)3
−
(
1−√17
2
)3
= 0 . (A5)
The graviton-graviton-U(1)B−L anomaly is
3×
{
3×
[
2×
(
+
1
3
)
−
(
+
1
3
)
−
(
+
1
3
)]
+ [2× (−1)− (−1)]} − 2× (−2)
−
(
1 +
√
17
2
)
−
(
1−√17
2
)
= 0 . (A6)
[1] M. Tanabashi et al., (Particle Data Group), Phys. Rev.
D 98, 030001 (2018).
[2] P. Minkowski, Phys. Lett. B 67, 421 (1977); T. Yanagida,
in Proceedings of the Workshop on Unified Theory and
the Baryon Number of the Universe, edited by O. Sawada
and A. Sugamoto (KEK, Tsukuba, 1979), p. 95; M.
Gell-Mann, P. Ramond, and R. Slansky, in Supergravity,
edited by F. van Nieuwenhuizen and D. Freedman (North
Holland, Amsterdam, 1979), p. 315; S.L. Glashow, in
Quarks and Leptons, edited by M. Le´vy et al. (Plenum,
New York, 1980), p. 707; R.N. Mohapatra and G. Sen-
janovic´, Phys. Rev. Lett. 44, 912 (1980).
[3] M. Magg and C. Wetterich, Phys. Lett. B 94, 61 (1980);
J. Schechter and J.W.F. Valle, Phys. Rev. D 22, 2227
(1980); T.P. Cheng and L.F. Li, Phys. Rev. D 22, 2860
(1980); G. Lazarides, Q. Shafi, and C. Wetterich, Nucl.
Phys. B 181, 287 (1981); R.N. Mohapatra and G. Sen-
janovic´, Phys. Rev. D 23, 165 (1981).
[4] R. Foot, H. Lew, X.G. He, and G.C. Joshi, Z. Phys. C
44, 441 (1989).
8[5] E. Ma, Phys. Rev. D 73, 077301 (2006).
[6] V.A. Kuzmin, V.A. Rubakov, and M.E. Shaposhnikov,
Phys. Lett. B 155, 36 (1985).
[7] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45
(1986).
[8] P. Langacker, R.D. Peccei, and T. Yanagida, Mod. Phys.
Lett. A 1, 541 (1986); M.A. Luty, Phys. Rev. D 45, 455
(1992); R.N. Mohapatra and X. Zhang, Phys. Rev. D 46,
5331 (1992).
[9] M. Flanz, E.A. Paschos, and U. Sarkar, Phys. Lett. B
345, 248 (1995); M. Flanz, E.A. Paschos, U. Sarkar, and
J. Weiss, Phys. Lett. B 389, 693 (1996); L. Covi, E.
Roulet, and F. Vissani, Phys. Lett. B 384, 169 (1996);
A. Pilaftsis, Phys. Rev. D 56, 5431 (1997).
[10] E. Ma and U. Sarkar, Phys. Rev. Lett. 80, 5716 (1998).
[11] R. Barbieri, P. Creminelli, A. Strumia, and N. Tetradis,
Nucl. Phys. B 575, 61 (2000).
[12] T. Hambye, Nucl. Phys. B 633, 171 (2002).
[13] S. Davidson and A. Ibarra, Phys. Lett. B 535, 25 (2002);
W. Buchmu¨ller, P. Di Bari, and M. Plu¨macher, Nucl.
Phys. B 665, 445 (2003).
[14] G.F. Giudice, A. Notari, M. Raidal, A. Riotto, and A.
Strumia, Nucl. Phys. B 685, 89 (2004).
[15] T. Hambye and G. Senjanovic´, Phys. Lett. B 582, 73
(2004); S. Antusch and S.F. King, Phys. Lett. B 597,
199 (2004); P. Gu and X.J. Bi, Phys. Rev. D 70, 063511
(2004).
[16] W. Buchmuller, P. Di Bari, and M. Plumacher, Annals
Phys. 315, 305 (2005).
[17] M. Roncadelli and D. Wyler, Phys. Lett. B 133, 325
(1983); P. Roy and O. Shanker, Phys. Rev. Lett. 52, 713
(1984).
[18] P.H. Gu and H.J. He, JCAP 0612, 010 (2006).
[19] P.H. Gu, JCAP 1607, 004 (2016).
[20] P.H. Gu and U. Sarkar, Phys. Rev. D 77, 105031 (2008).
[21] K. Dick, M. Lindner, M. Ratz, and D. Wright, Phys. Rev.
Lett. 84, 4039 (2000).
[22] H. Murayama and A. Pierce, Phys. Rev. Lett. 89, 271601
(2002).
[23] B. Thomas and M. Toharia, Phys. Rev. D 73, 063512
(2006); S. Abel and V. Page, JHEP 0605, 024 (2006);
P.H. Gu, H.J. He, and U. Sarkar, JCAP 0711, 016
(2007); E.J. Chun and P. Roy, JHEP 0806, 089 (2008);
A. Bechinger and G. Seidl, Phys. Rev. D 81, 065015
(2010); H. Davoudiasl and I. Lewis, Phys. Rev. D 86,
015024 (2012); K.Y. Choi, E.J. Chun, and C.S. Shin,
Phys. Lett. B 723, 90 (2013).
[24] P.H. Gu, Nucl. Phys. B 872, 38 (2013).
[25] J.C. Montero and V. Pleitez, Phys. Lett. B 675, 64
(2009).
[26] S. Alioli, M. Farina, D. Pappadopulo, and J.T. Ruder-
man, Phys. Rev. Lett. 120, 101801 (2018).
[27] M. Ibe, H. Murayama, and T.T. Yanagida, Phys. Rev. D
79, 095009 (2009); W.L. Guo and Y.L. Wu, Phys. Rev.
D 79, 055012 (2009).
[28] E.W. Kolb and M.S. Turner, The Early Universe,
Addison-Wesley, 1990.
[29] J.A. Harvey and M.S. Turner, Phys. Rev. D 42, 3344
(1990).
[30] M. Beltran, D. Hooper, E.W. Kolb, and Z.C. Krusberg,
Phys. Rev. D 80, 043509 (2009); K. Cheung, P.Y. Tseng,
and T.C. Yuan, JCAP 1101, 004 (2011).
[31] G. Jungman, M. Kamionkowski, and K. Griest, Phys.
Rept. 267, 195 (1996).
[32] X. Cui et. al., (PandaX-II Collaboration), Phys. Rev.
Lett. 119, 181302 (2017).
[33] E. Aprile et. al., (XENON Collaboration), Phys. Rev.
Lett. 121, 111302 (2018).
[34] P. Langacker, Rev. Mod. Phys. 81, 1199 (2009).
[35] J.L. Feng and J. Kumar, Phys. Lett. B 703, 124 (2011).
